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The charge carrier transport in thin film hybrid solar cells is analyzed and correlated with device performance and the 
mechanisms responsible for recombination loss. The hybrid bulk heterojunction consisted of a blend of poly(3-
hexylthiophene) (P3HT) and small size (2.4 nm) PbS quantum dots (QDs). The charge transport in the P3HT:PbS blends was 
determined by measuring the space-charge limited current in hole-only and electron-only devices. When the loading of PbS 
QDs exceeds the percolation threshold a significant increase of the electron mobility is observed in the blend with PbS QDs. 
The hole mobility, on the other hand, only slightly decreased upon increasing the loading of PbS QDs. We also showed that 
the photocurrent is limited by the low shunt resistance rather than by space-charge effects. The significant reduction of the fill 
factor at high light intensity suggests that under these conditions the non-geminate recombination dominates. However, at 
open-circuit conditions, the trap-assisted recombination dominates over non-geminate recombination.  
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 I. INTRODUCTION 
Colloidal quantum dots (QDs) of inorganic semiconductors are considered as viable potential substitutes for fullerene 
acceptors in photovoltaic devices. Low-bandgap lead-chalcogenide QDs such as PbS were shown to be a promising electron 
acceptor in hybrid bulk heterojunction (BHJ) solar cells due to their high electron mobility1, broad and tunable absorption 
extending into the infrared2 and the possibility for carrier multiplication3–5. Recently, the combination of narrow band-gap 
conjugated polymers (with more suitable energy levels and a better coverage of the solar spectrum) and a better passivation of 
the PbS surface led to a dramatic increase of the power conversion efficiency (PCE) of polymer:PbS QDs hybrid solar cells 
which reached up to 4.23%.2,6–8  
We have demonstrated that the use of small (2.4 nm) quantum dots (QDs) and post deposition ligand exchange to 1,4-
benzenedithiol (BDT) improves the PCE of poly(3-hexylthiophene) (P3HT):PbS hybrid solar cells up to 1%.9 Further 
optimization of the architecture of the solar cell increased the average PCE further to 1.8%.10 It was also shown that the ligand 
exchange of the original oleic acid (OLA) ligands to BDT clearly led to a more efficient photo-induced charge transfer in the 
P3HT:PbS system.10 The electron transfer from P3HT to PbS QDs takes place on a time scale from tens of femtoseconds (fs) 
to a few nanoseconds (ns) which can be related to the occurrence of phase separation between donor and acceptor materials on 
a nanometer scale.10 
For all solar cells, charge recombination competes with charge-extraction. The recombination of photogenerated charge 
carriers in polymer BHJ solar cells, which was attributed to several mechanisms, reduces the FF and the short-circuit current 
(JSC)11. In poly(3-hexylthiophene):[6,6]-phenyl C61 butyric acid methyl ester (P3HT:PC60BM) solar cells, for example, 
geminate (monomolecular)12,13, non-geminate (bimolecular)14–16 or a combination of the two11 recombinations has been 
proposed. Geminate recombination involves the recombination of a hole and an electron that originate from the same donor 
(or acceptor) excitation while for non-geminate recombination the hole and electron originate from absorption of two different 
photons. Trap-assisted recombination is usually neglected, except for organic solar cells (OSCs) with fast grown active-
layers17, OSCs with non-fullerene acceptors18, or donors with limited short-range order19. Trap-assisted recombination 
involves trapping of one type of carrier at defect states within a donor or acceptor phase and its subsequent recombination with 
a free carrier in the other phase. The recombination in polymer:CdSe QDs film has been attributed to the presence of traps 
which are probably located on the QD surface.6,20 The presence of trap states, which can also be partly responsible for a lower 
carrier mobility, has been shown in cross-linked PbS film.21 The efficient collection of photo-generated charge carriers at the 
electrodes, avoiding recombination, is a challenge which requires that the electrons and holes have separate continuous 
pathways to the electrodes without the need of passing through the material transporting the oppositely charged carrier. 
Furthermore, the transport of charge carriers towards the electrodes will be impeded by space-charge effects which were 
reported to limit the fill-factor (FF) and the efficiency of solar cells.22–25 In order to avoid this space-charge effect, a proper 
balance of the mobilities of electrons and holes in respectively the acceptor material and the conjugated donor polymer, is 
required.26,27  
In this paper, we present an investigation of the transport of electrons and holes in P3HT and PbS QDs blend 
photovoltaic device using the space-charge limited current (SCLC) method. Furthermore, the characterization of the electric-
optical behavior allowed us to elucidate in a qualitative way the charge recombination mechanism in P3HT:PbS solar cells.  
 
II. EXPERIMENTAL  
A. Materials  
The regioregular (RR)-P3HT (Sepiolid P200, RR:>96%; Mn: 13.9 kg/mol; PDI:1.71) was obtained from Rieke Metals. 
The poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) (Clevios P VPAI 4083) used in this work was 
obtained from Heraeus. The colloidal PbS QDs with a core diameter of approximately 2.4 nm and capped by oleic acid (OLA) 
were purchased from Evident Technologies (Troy, NY). MoO3 was obtained from Sigma Aldrich and used as purchased. The 
diodes were fabricated on pre-patterned and cleaned indium tin oxide (ITO) coated glass substrates (sheet resistance <20 Ω/ ). 
The substrates were cleaned in milli-Q water, acetone and isopropanol, in an ultrasonic bath before treated in an ultraviolet-
ozone chamber for 30 minutes. 
B. Dielectric constant estimation. 
The dielectric constant of the blended films was estimated by measuring the capacitance and the thickness of the films 
placed between two parallel electrodes. To estimate the capacitance, the films were connected in an RC circuit in series with a 
resistor (100 Ω), a signal generator (100 kHz) and a LeCroy 9400A digital oscilloscope. A Dektak surface profiler was used to 
measure the thickness of P3HT and P3HT:PbS blended films. The dielectric constant was then estimated according to the 
parallel plate capacitance equation: 
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  , where εr is the dielectric constant of the film, C is the capacitance, ε0 is the 
permittivity of vacuum, A is the area of the electrodes and d is the film thickness. 
C. Characterization of P3HT:PbS morphology.  
The morphology of the active layers of the photovoltaic devices was determined with a Zeiss EM 902A transmission 
electron microscope (TEM). The films for the TEM measurements were formed by spin coating of the blend solutions (total 
concentration 7.6-12 mg/ml) onto a glass substrate covered by PEDOT:PSS. The spin-coated films were rinsed with water to 
lift-off the films from the glass substrate, and were then transferred to copper grids for testing. 
D. Deposition of the active layer and ligand exchange in films containing PbS QDs. 
First, a thin layer (~30 nm) of PEDOT:PSS was spin-coated at 3500 rpm for 60 s onto the ITO glass in air and then 
baked at 150°C for 15 minutes inside a glovebox. The PbS QDs or the blends of P3HT:PbS QDs (60, 75 and 90% loading of 
QDs) 9,10 were dissolved in chloroform at a concentration of 20-38 mg/ml (sum of the weight of the PbS core and P3HT). The 
loading by the QDs corresponds to the weight of PbS divided by sum of the weight of PbS and P3HT as these parameters 
could be determined unambiguously from the preparation of the solution. The actual weight and volume fraction of PbS in the 
film will be significantly smaller as also the mass and volume of the ligands have to be considered (see supporting 
information, SI 28). P3HT was mixed with the solution of OLA-capped QDs for at least 1 hour at 70°C in a closed vial. Then 
the temperature was decreased and kept at 40° C for 15 minutes. This solution was spin-coated (1000 rpm for 60 s) in a 
nitrogen-filled glovebox on the PEDOT-PSS layer. The post-deposition ligand exchange to BDT was then carried out by 
soaking the film of neat PbS-OLA QDs or the blended film of P3HT:PbS-OLA in a 0.02 M solution of BDT in acetonitrile for 
60 s followed by spinning the substrate at 1000 rpm for 30 s to remove the solvent and any residual BDT. All films were 
subsequently annealed at 150°C for 10 minutes inside a nitrogen-filled glove box. 
E. Device fabrication and characterization. 
The SCLC hole-only devices were fabricated using the following architectures: Glass/ITO/PEDOT:PSS/active-
layer/MoO3/Ag. First, a thin layer (~30 nm) of PEDOT:PSS was spin-coated at 3500 rpm for 60 s onto the ITO glass in air and 
then baked at 150°C for 15 minutes inside a glovebox. After deposition of the active layer and ligand exchange (as described 
in section II C) on the PEDOT:PSS coated substrates, MoO3 (10 nm) followed by Ag (100 nm) were deposited via thermal 
evaporation in a vacuum chamber at a base pressure of 1×10-7 mbar. The rate of evaporation of MoO3 was maintained at 1 Å/s 
while the deposition rate of Ag was maintained at 6 Å/s. 
The SCLC electron-only devices were fabricated using the following architecture: glass/ITO/ZnO/active-layer/Ca/Ag. 
Zinc acetate dihydrate (200 mg), 2-methoxyethanol (2 mL), and ethanolamine (55 μL) were mixed and stirred vigorously for 2 
h at 60 °C in air.29 This precursor solution was spin coated at 2000 rpm on to the cleaned ITO substrates to get a smooth ZnO 
film. Crystalline ZnO films were obtained by subsequent annealing of the sample at 250 °C for 30 min in air. After deposition 
of the active layer on top of the ZnO layer and ligand exchange, calcium (20 nm)/ Ag (100 nm) were deposited via thermal 
evaporation in a vacuum chamber at a base pressure of 1×10-7 mbar. The rate of evaporation of Ca was maintained at 1 Å/s 
while that of Ag was maintained at 6 Å/s. The final thickness of active-layer was measured using a Dektak D150 surface 
profilometer. The solar cells were fabricated using the following architecture: glass/ITO/PEDOT:PSS/active-layer/Ca/Ag. 
The electrical characterization of hole-only and electron-only devices was performed inside the glovebox using a four-
point probe configuration (see Fig. S1 28). The four-point probe measurements were used to avoid the necessity to correct the 
applied voltage for the effect of ITO, contact and cables resistance. The electrical characterization was performed using a 
Keithley 2602 “Source Meter” unit and an Agilent 4156C “Parameter Analyzer”. 
The electrical characterization of the solar cell was performed inside the glovebox using the same four point 
configuration under illumination by a 1000W Xe arc lamp equipped with filters to simulate the AM 1.5 D spectrum (L.O.T. 
Oriel Solar Simulator). The lamp was calibrated using a bandpass filter (KG5, L.O.T. oriel) and a silicon detector. The 
incident light power was varied with neutral density filters. 
III. RESULTS AND DISCUSSION 
We attempted to study the charge carrier transport in P3HT:PbS photoactive layers using the space charge limited 
current (SCLC) approach. The single carrier device used in this approach allows the measurement of charge transport in a 
geometry and conditions very similar to those in hybrid solar cells (HSC). E.g. at a field in the range of 3x104 to 5x104 V/cm 
over the active layer the electron and hole densities in an operating HSC are respectively estimated at 6.5x1015 cm-3 and 
4.0x1014 cm-3 (calculation supporting information, SI 28), which is comparable to those in a TOF experiment (2.8x1014 cm-3) 30 
(calculation supporting information, SI 28) and about one order of magnitude smaller than those obtained in hole only and 
electron only devices are (respectively 3.3x1016 cm-3 and 1.6x1016 cm-3, calculation supporting information, SI 28). In a FET 
configuration charge carrier densities of 1020 to 1024 cm-3 are present which can lead to significantly larger carrier 
mobilities.31–33 Assuming Ohmic contacts for the injection and extraction of the charge carriers and a trap-free transport, the 
current density, JSCL, is given by the Mott-Gurney’s equation34 
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 where 0 is the permittivity of free space, r the static dielectric constant of the active layer, V the applied voltage, Vbi the built 
in potential difference, L the thickness of the films and µ the charge carrier mobility.  
 
FIG. 1. Effective dielectric constant of P3HT:PbS blended films for different PbS loading and of a film of neat PbS QDs before (PbS-OLA) 
and after BDT treatment. The values were derived from the capacity of a film incorporated in a parallel plate capacitor. 
In order to estimate the charge carrier mobility using Mott-Gurney’s equation (eq.1), it is necessary to know the 
effective dielectric constant of the active layer of the single carrier device. The static dielectric constant was measured by the 
determination of the capacity of a parallel plate capacitor where the film was used as dielectric (see experimental details). As 
shown in Fig. 1, the static dielectric constant of P3HT measured with this method is around 3.4. This is in agreement with the 
dielectric constant of P3HT found in the literature.35–37 Furthermore, while the dielectric constant increases only slightly upon 
the addition of PbS-OLA QDs to the P3HT matrix (see Fig. 1) it is increased significantly after the blended films are treated 
with BDT. After BDT treatment a neat film of PbS QDs shows a much larger value for the dielectric constant (around 9) 
which is however smaller than the earlier reported value of around 18.38  
For a two-component film it is also possible to estimate the dielectric constant using the Maxwell-Garnett effective 
medium theory38 
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where ε, εm, εi are dielectric constant of the film, the matrix (polymer and/or ligands), and the embedded PbS QDs 
respectively, and δ is the volume fraction of the embedded PbS QDs; the dielectric constant of the PbS QD blended films 
depends on the volume fraction of PbS in the QD ligand assembly and therefore depends also on the size of PbS QDs and type 
of ligand used. For PbS QDs with a size of 2.4 nm, the effective dielectric constant of neat films of PbS-OLA and PbS-BDT 
QDs (in this case m is the dielectric constant of the ligands and i is that of the PbS QDs) was estimated using eq. 2 to be 
approximately 3.7 and 9.15 (see Table S1 28); using a value of 169 38 for εi of PbS, and of 2.5 and 4 for εm (for respectively 
OLA and BDT 39,40).  
Considering a volume fraction of PbS in the ligand matrix amounting to 15% and 32% for OLA and BDT ligands, 
respectively, the calculated value is in close agreement with our experimentally measured value of 3.85 and 9 for neat films of 
the PbS QDs (with OLA and BDT ligands, respectively) shown in Fig. 1 and Table S1 28. Both the increased volume fraction 
of PbS and the larger dielectric constant of BDT compared to OLA can explain the significant increase of dielectric constant 
of neat PbS and P3HT:PbS blended films after BDT treatment. Note that, for the blended films, the dielectric constant of the 
matrix, εm, was calculated using the expression: 
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where vP3HT and vligand correspond to the volume fraction of P3HT and of the ligands. In contrast to P3HT:PbS-OLA blended 
films, the calculated dielectric constants of P3HT:PbS-BDT blended films shown in Table S1 28 are 13 to 30% lower than the 
ones obtained from the measurements. The morphology of P3HT:PbS films before (with OLA ligand) and after ligand 
exchange to BDT obtained using TEM is shown in Fig. S3 28. The images were obtained in the bright field mode without 
energy filter which means that the variations in image brightness could reflect thickness variation. The images of the blend 
films containing PbS QDs with the initial OLA ligands, (images a-c), show some irregular bright structures which are possibly 
regions with a low concentration of quantum dots suggesting a tendency of the QDs to form aggregates in the film. 
Furthermore, the reduction of the volume of the film upon evaporation of the solvent can induce some cracks at nanometer 
length scale. The significant increase (see images d-f) of the bright regions combined with the appearance of darker regions 
which contain QDs in at a higher concentration after the treatment of the films with BDT suggest a further clustering of the 
QDs. The cross-linking nature and smaller volume of this ligand links the PbS QDs together forming denser structures. This 
will be compensated by a reduction of density of the QDs in other (bright) regions. The morphological changes observed upon 
ligand exchange suggest that the post-deposition ligand exchange with BDT is successful. 
In order to obtain either a hole-only or an electron-only device the work function of the electrodes has to be adjusted in 
such way that one electrode should be able to inject charge carriers in the semiconductor without any limitation while the 
other electrode should not be able to inject carriers of opposite sign; furthermore the latter electrode should be able to collect 
the injected carriers without any barrier.34 A typical hole-only device can be produced by sandwiching poly(3,4-
ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS) and P3HT between two high work function electrodes such as 
ITO and gold (Au) (work function ~4.8 eV and 5.1 eV, respectively).41,42 This should lead for holes to the expected ohmic 
contact between the electrodes and P3HT and should yield a clear quadratic dependence of the current density on the voltage, 
indicating a SCL current.  
 FIG. 2. Double logarithmic current density versus voltage (J-V) plots of hole-only devices of a film of neat regioregular-P3HT for different 
thicknesses and with a positive voltage applied to the ITO/PEDOT:PSS electrode. The solid lines were drawn as a guide to the eye and 
correspond to a quadratic dependence of the current on the voltage (Mott-Gurney equation). (a) Au top electrode, measured with the two-
point probe configuration. (b) Au top electrode, measured with the four-point probe configuration. (c) MoO3/Ag top electrode, measured 
with the four-point probe configuration. Inset: plot of the thickness dependency of the current density at respectively 5 V (a), 1 V (b), and 1 
V (c). 
However, as shown in Fig. 2(a) for devices using this structure, the voltage dependence of the observed current 
densities (hole injection through ITO/PEDOT:PSS) deviates from that predicted for a SCLC at high applied voltages where 
the slope of the double logarithmic current density versus voltage (J-V) plots is mainly between 1 and 2. On the other hand at 
lower voltages, contrary to the expected transition from a quadratic to a linear dependence of the current density on the applied 
voltage, we observe a slope of the J-V plots much larger than 2 for three of the four samples. As the apparent saturation of the 
current density at high voltages could be due to the series resistance of ITO we also recorded J-V plots using a four point 
configuration as shown in Fig. 2(b) (hole injection through ITO/PEDOT:PSS). Although less outspoken the plots still show a 
deviation from a typical SCLC behavior at high applied voltages. Furthermore, even in the voltage range where the slopes of 
the J-V plots are compatible with an SCLC, we observe (see insets of Fig. 2 (a) and (b) that at a fixed voltage (5 V and 1 V in 
respectively Fig. 2(a) and (b)), the current density does not show the expected inverse cube dependence on the sample 
thickness. A similar behavior has also been observed by Kumar et. al.43 for the J-V characteristics of hole-only devices of 
P3HT and MEH-PPV. They attributed this behavior to a combination of trap filling and a finite rate of charge carrier injection 
at the contact. In that case, the charge carrier transport is controlled by both the injecting electrode and the bulk properties of 
the materials (see SI 28). 
In order to obtain an Ohmic contact for hole extraction we replaced the Au top electrode by a MoO3/Ag electrode. 
Deposition of a layer of MoO3 has been a popular anode modification in OSCs due to its efficient hole injecting properties in 
combination with simple processing.44 The MoO3 films are strongly n-type and hole injection proceeds via electron extraction 
from the HOMO level of the hole transport material through the low-lying conduction band of MoO3.44,45 When the MoO3/Ag 
electrode is used as a top electrode we on the one hand no longer observe the subquadratic dependence in the J-V plots at high 
applied voltages while on the other hand we observe the expected transition from a linear to a quadratic dependence of the 
current density at low applied voltages. Furthermore, in contrast to the devices with an Au top-electrode (see insets in Fig. 2 
(a) and Fig. 2 (b)), the inset in Fig. 2(c) shows, in agreement with the expression for a SCLC (eq. 1), that at a fixed voltage, in 
the range where the J-V plots show a quadratic dependence (e.g. at 1 V), the current density is proportional to the inverse cube 
of the film thickness. Hence the currents observed for the samples with PEDOT:PSS and MoO3/Ag electrodes can be 
considered as space-charge-limited. If both MoO3 and ITO/PEDOT:PSS would yield an Ohmic contact for hole injection and 
extraction one would expect, especially in the voltage range where the J-V plots show an SCLC behavior, J-V plots that are 
symmetric for forward and reversed bias. When MoO3/Ag is used as top electrode this is indeed observed, as shown in Fig. 
3(a), for neat P3HT and blended films with a loading by PbS QDs exceeding 60%. This suggests that both electrodes have an 
excellent hole injection and extraction efficiency and are blocking electron injection. However when Au was used as top 
electrode such symmetric behaviour was not observed. 
For electron only devices, ITO/zinc oxide (ZnO) was used as bottom contact and calcium capped with silver was used 
as top electrode. ZnO and calcium electrodes provide, due to their low work functions, a hole injection barrier while they can 
be expected to yield an ohmic contact for electron injection.29 Therefore, it can be expected that charges can only be injected 
into the LUMO of the active material and that the current density is determined by the electron mobility. As shown in Fig. 
3(b), the J-V plots of P3HT:PbS blended films and neat PbS films incorporated in this structure are symmetrical which 
indicates that both electrodes provide the same efficiency of electron injection in the different films. Note that, for the 
electron-only devices it was not possible to obtain a reliable J-V curve for a film of neat P3HT. 
 
FIG.3. (a) Semi-logarithmic J-V curves obtained for (a) hole-only devices (structure: ITO/PEDOT:PSS/active-layer/MoO3/Ag) and (b) 
electron-only devices (structure: ITO/ZnO/active-layer/Ca/Ag) of neat P3HT, PbS and P3HT:PbS blended films. The curves were all 
obtained with the four-point probe configuration. The sign of the voltage corresponds to that of the bottom electrode ((a) ITO/PEDOT:PSS 
or (b) ITO/ZnO). 
To extract the space-charge limited mobility from the hole-only or electron only J-V curves, we follow the protocol 
reported by Blakesley et. al.46 Several factors such as series resistance and built-in voltage need to be considered and their 
influence on the charge mobility estimation has to be eliminated or compensated.46 In this work, the four-point configuration 
was used to compensate for the external series resistance. The built-in voltage Vbi is due to a mismatch between the work-
function of the two electrodes and a different structure of two interfaces between the active layer and the electrodes which is 
observed even when the electrode materials are nominally the same. In our experimental approach Vbi is a fit parameter. As the 
J-V characteristics are symmetric versus zero applied potential for almost all the samples, Vbi can be put equal to zero, except 
for the J-V plots of hole-only devices of blended P3HT:PbS films where the loading with PbS amounts to 30%, 45%, 60%. As 
shown by Fig. S5 28, the J-V data acquired in this work were obtained for a sweep from negative voltages to zero volt and then 
to positive voltages. The sign of the positive voltage corresponds to that applied to the ITO/PEDOT:PSS or ITO/ZnO 
electrode for hole-only- and electron-only device, respectively. For the samples yielding a symmetric J-V curve, the data used 
in the fitting procedure correspond to a sweep of the applied voltage from zero volts to positive values. This is because bias 
stress can affect the shape of the curve when a high voltage is applied for some time (see Fig. S5).46 
 
FIG. 4. Exemplary double-logarithmic J-V plots of (a) hole-only and (b) electron only devices of P3HT:PbS blends with different PbS 
loading shown as solid lines. Except for the hole-only device with an active layer of P3HT:PbS 60 %, the J-V curves were obtained for the 
same samples for which linear J-V plots are presented in Fig. 3 and correspond to the current densities obtained for positive values of the 
applied voltage. The dotted lines correspond to fits of the data to Mott-Gurney equation (eq.1). The fitting parameter Vbi was put equal to 
zero except for the hole-only device with an active layer of P3HT:PbS 60 % where the fitting yielded a value of 0.55 V for Vbi.  
Fig. 4(a)-(b) show the double-logarithmic J-V plots obtained for the single carrier devices of pristine P3HT, PbS and 
P3HT:PbS blended films in the range of data points that was used to calculate the average mobility. The dotted lines in Fig. 4 
represent the fits of the experimental data to the Mott Gurney equation (eq. 1) which were used to calculate the average 
mobility. For the electron-only devices the data could be fitted over a broad range to eq. 1 except for the neat PbS-BDT film 
where the slope is smaller than predicted by eq. 1 up to an applied voltage of 0.7 V. However for the hole mobility the Mott-
Gurney equation is only followed at higher applied voltages, except for the sample with an active layer consisting of a 
P3HT:PbS 60% blend where it is followed down to less than 0.1 V. Note that, the hole-only current-voltage plot obtained for 
the P3HT:PbS 60% blend in Fig. 4(a) is shown after correcting the applied voltage by Vbi= 0.55 V. 
The resulting charge carrier mobilities of the blends are summarized in Fig. 5 and Table S3 28. The hole mobility of the 
pristine P3HT amounted ca. 2.4×10-3 cm2V-1s-1 which is higher than the value of 5.610-4 cm2V-1s-1 determined by Oosterban 
et al.47 using the SCLC approach. However one should note that the P3HT used by Oosterbaan et al. had a lower 
regioregularity and a higher molecular weight and polydispersity (Mn=23.7 kg/mol, RR=94.5% and PDI=1.8) compared to the 
RR-P3HT used in the experiments presented in this paper (Mn=13.9 kg/mol, RR>96% and PDI=1.71). The hole mobility 
recovered from Sepiolid P200 using the time of flight (TOF) technique amounted to 310-4 cm2V-1s-1, which is one order lower 
than the one reported here at a similar field strength (E ~ 5104 Vcm-1).30 Note that when comparing the hole mobility in 
Sepiolid P200 to that of P3HT with an RR of 94 % (Mn=34.7 kg/mol and PDI=2.07), using the TOF method, the latter also 
showed a mobility that was four times smaller.30  
The difference between the mobilities obtained with the SCLC and the TOF experiments could be due to a different 
thickness and morphology43 of the samples used in both experiments as the samples used for the TOF experiments were 
prepared by drop-casting while those used for the SCLC experiments were prepared by spin coating.30 It can also not be 
excluded that the higher carrier densities present in the SCLC experiments lead to partial trap filling and hence a larger 
mobility.32,33 We also tried to recover the hole mobility from the current-voltage data of Fig. 2(b), using the non-zero Schottky 
barrier model43 (see SI and Table S2 28). The hole mobilities and the values of p0, the carrier density in the active layer at the 
interface with the electrode (with exception of the 300 nm sample) estimated in this way do not depend significantly upon the 
sample thickness. Although this gives them some credibility, one should note that the hole mobilities are four to five times 
smaller than those estimated from the SCLC and two times larger than those obtained by the TOF method. This could possibly 
be due to a barrier at the extracting electrode (Au) which is not considered in this model and could lead to an underestimation 
of the mobilities. Hence the mobilities obtained in this way should be considered as a lower limit. 
Fitting the J-V curves of the sample with a MoO3 top-electrode to the Mott-Gurney equation, we obtained a hole 
mobility of 1.5×10-3 cm2V-1s-1 for the P3HT:PbS-BDT 60% blended film, which is slightly lower than the hole mobility of 
pristine P3HT. A further decrease of the hole mobility to (4×10-4 and 1.7×10-4 cm2V-1s-1), was observed when the loading of 
the blended films by PbS QDs was increased to 75% and 90% respectively. This modest decrease of the hole mobility is most 
probably due a decrease of the volume fraction of P3HT in the P3HT:PbS blended films to ca 59 %, 42 % and 19 % 
respectively (Table S4 28). The decrease is of the same order of magnitude as the decrease of the hole mobilities of an “inert” 
polymer doped with small hole conducting molecules.48 These results show that in the blended films the holes are transported 
by P3HT and not by the PbS QDs. The addition of the PbS QDs does not lead to significant trapping of the holes in deep traps. 
In spite of the observed decrease the hole mobility remains quite large in the blended films which is due to the fact that the 
blend morphology still provides sufficient percolation paths (cfr. infra) for holes even at a 90 % loading by PbS QDs where 
the volume fraction of P3HT is still 19 %.9,10 The hole mobility obtained for a film of neat PbS-BDT QDs amounted to be ca. 
1×10-5 cm2V-1s-1. 
 
FIG. 5. Hole (■) and electron (○) mobilities of films of neat P3HT, neat PbS QDs and blended P3HT:PbS films with different PbS loading. 
The mobilities were obtained from fitting the J-V curves of the hole-only and electron-only devices with MoO3/Ag top-electrode to the 
Mott-Gurney equation (as e.g. shown in Fig.4). They should be considered as an average mobility over the voltage range where the Mott-
Gurney equation could be applied. 
For the electron-only blended devices the slope of the double logarithmic J-V curves is close to 2 over a large voltage 
range which suggests that the electron mobility is nearly independent of the applied field. Only for the film of neat PbS-BDT 
QDs the slope is clearly smaller when the applied voltage is smaller than 0.4 V. The electron mobility of the film of neat PbS 
QDs amounted to 1.3×10-3 cm2V-1s-1 which is about one order of magnitude higher than the value38 determined by the time-of-
flight technique for a neat film of larger PbS QDs where the original ligand was replaced by ethanedithiol after deposition 
(diameter ~ 5.9 nm). 
In the P3HT:PbS-BDT 60% blended film, containing PbS as electron transport material, an electron mobility of 
4.75×10-6 cm2V-1s-1 was found. Upon increasing the loading of PbS QDs to 75 % and 90 % the electron mobility is increased 
by two and three orders of magnitude to respectively 2.5×10-4 cm2V-1s-1 and 2.8×10-3 cm2V-1s-1. However, we could not obtain 
usable J-V plots for electron-only devices with a neat P3HT film as active layer. Together with the dependence of the electron 
mobility on the loading by PbS QDs this suggests that the electrons in the blended films are transported by the PbS QDs. This 
increase of the electron mobility upon increasing the loading by PbS QDs can be explained in the framework of percolation 
theory which states that the formation of interconnected paths of small spherical molecules or particles embedded in a three 
dimensional matrix starts to occur at a volume fraction of 17%.9,49 For PbS-BDT QDs with a size of ca. 2.4 nm, the 
percolation threshold in P3HT:PbS blended film can be attained for a loading of about 70% (see Table S4 28). While in the 
P3HT:PbS-BDT 60% blended film the loading is still significantly below the percolation limit the volume fraction of PbS 
QDs (without the ligands) amounts to respectively 19 % and 26 % in the P3HT:PbS-BDT 75% and P3HT:PbS-BDT 90% 
blended films (Table S4 28). The absence of such strong increase of the mobility at the percolation limit observed by Young 50 
for the hole mobility in polystyrene doped by tritolyl amine (TTA) can be due to the much smaller molecular volume of TTA 
compared to the PbS QDS leading to a much larger concentration and hence a much smaller edge to edge separation at the 
percolation limit (see FIG S6 (a) supporting information, SI 28). This leads using the approach of Young 50 at the percolation 
limit to a mobility that is 2x106 times lower for equidistantly spaced PbS:BDT QDs  than for equidistantly spaced TTA 
molecules (see FIG S6 (b) supporting information, SI 28). Hence in the neighborhood of the percolation limit hole transport 
between TTA molecules which are not part of a percolating pathway is still competitive with transport through a percolating 
pathway. For PbS QDs this is however no longer the case. The possibility to arrive at a non-negligible mobility without 
clustering or percolation will probably mask the abrupt change of the mobility for the TTA molecules at the percolation limit. 
In order to obtain information on the possible loss mechanisms related to electron hole recombination the light intensity 
dependence of the current-voltage characteristics of solar cells with a P3HT:PbS-BDT bulk heterojunction was investigated. 
The light intensity was varied over almost two orders of magnitude using a set of neutral density filters. Fig. 6(a) shows the 
current-voltage characteristics at room temperature of the P3HT:PbS-BDT 90% solar cells for different incident light 
intensities (7.3, 61.5, 100 and 519 mW/cm2). An incident light intensity of 100 mW/cm2 would correspond to the standard 1.5 
AM illumination which is broadly used to characterize the performance of photovoltaic devices. The light intensity 
dependence of the fill-factor is plotted in Fig. 6(b) for solar cells where the active layer is a blended film of P3HT with a 
loading of 60, 75 and 90% PbS QDs. For all solar cells the fill-factor is decreased significantly at very high intensity (519 
mW/cm2). On the other hand, up to 100 mW/cm2, the fill factor appears to be less dependent on the light intensity, especially 
for the solar cells with a 75 and 90 % loading of PbS QDs. This suggests that while up to 100 mW/cm2 monomolecular 
processes (first order kinetics) such as geminate or trap-assisted recombination are the major recombination mechanisms, non-
geminate recombination starts to dominate at the highest intensity used due to the very high density of generated charge 
carriers. In this framework the higher efficiency for charge carrier generation in a blended film with a loading of 90% PbS 
QDs can also explain why the decease of FF already sets in at lower values of the incident light for a solar cell using this 
material as active layer. In addition, a large difference in electron- and hole mobility, could also lead to the build-up of a 
space-charge and a consequent drop of the fill factor at high incident light intensities (cfr. infra).  
 
FIG. 6. (a) J-V characteristics of (a) a photovoltaic device with an active layer consisting of a blended film of P3HT:PbS-BDT 90% at 
different incident light intensities. The light intensity dependence of (b) the fill-factor, (c) the short-circuit photocurrent and (d) the open-
circuit voltage of photovoltaic devices with as active layer a blended film of P3HT:PbS-BDT (60, 75 and 90% PbS loading). 
Fig. 6(c) shows the experimental data of the excitation intensity dependence of the short circuit current density (JSC) 
which could be fitted from 7.3 to 519 mW/cm2 to JSC ~ Iα. Several interpretations have been given to the exponent α, with α ≡ 
1 indicating that all the carriers, escaping geminate recombination, are swept out prior to recombination.11 A value of α less 
than 1 could result from non-geminate recombination or space charge effects.11,23 The recovered values of α decrease slightly 
from 0.99±0.03 to 0.92±0.01 upon increasing the concentration of PbS QDs from 60% to 90% , which suggests that although 
space-charge effects or non-geminate recombination become more important at 75% and 90% loading by PbS QDs their 
influence on JSC remains limited. The higher efficiency of charge carrier generation upon increasing the loading by PbS QDs10 
will lead for the same incident light intensity to a larger concentration of charge carriers and hence faster non-geminate 
recombination. To what extent this will also lead to a larger space charge is less clear. Koster et al.51 reported that the 
occurrence of space-charge becomes significant when the difference between the mobility of electrons and holes is larger than 
2-3 orders of magnitudes. However, while for the solar cells with a blended film of P3HT:PbS-BDT 60% as active layer the 
electron and hole mobilities differ by nearly two orders of magnitude (see Fig. 5), a value 0.99±0.03 was recovered for α. This 
implies that in the 60 % blend JSC is not influenced by a potential space charge. Hence this effect is a fortiori excluded in the 
solar cells with a higher loading of PbS-BDT QDs as upon increasing the loading by PbS-BDT QDs the ratio of electron and 
hole mobility gets closer to one. In addition, as shown in Fig. 6(c), the smaller values of α recovered for the P3HT:PbS-BDT 
75 and 90% blended films are to a large extent due to the data-point at the highest light intensity. These results indicate that, in 
agreement to what was concluded from the light intensity dependence of the fill factor, non-geminate recombination should be 
taken into account particularly at high light intensity. The comparison between the light intensity dependence of the FF and 
the JSC shown in Fig. 6(b) and 6(c) also implies that the FF is more sensitive to non-geminate recombination than the JSC. Note 
that we also reported recently that for solar cells with BDT treated active layers, the increase of PbS the loading systematically 
decreases the shunt resistance.9 Finite values of the shunt resistance reflect the presence of current leakage paths through the 
solar cells which can be attributed to cracks formed after the BDT treatment.9,10 The shunt resistance and hence the VOC and 
the FF can be increased by the insertion of a thin layer of neat P3HT below the active layer 9 or of a thin layer of PbS QDs on 
top of the active layer 10 of the solar cell. The finite values of the shunt resistance can also explain the lower FF of P3HT:PbS-
BDT solar cells at higher loading of PbS QDs. 9,52  
Due to the absence of current extraction, which means that all photogenerated charge carriers must disappear by 
recombination, the properties of the solar cells at open-circuit conditions are strongly dependent on the recombination 
processes. Fig. 6(d) shows the increase in open-circuit voltage with increasing light intensity for the three devices with a 
loading of 60 %, 75 % and 90 % of PbS QDs. The increase of the VOC with intensity is the largest for the 90% QD device 
which suggests the presence of a higher concentration of traps in the device. If Langevin (non-geminate) recombination of free 
carriers were the only loss mechanism, VOC would be given by53 
 gap C V
OC
1
ln
     
E P N NkTV
q q PG
  (4) 
where Egap is the energy difference between the HOMO of the electron donor (P3HT) and the LUMO of the electron acceptor 
(PbS), q is electronic charge, k is the Boltzmann constant, T is the temperature, P is the probability of exciton dissociation 
(including the escape from geminate recombination), γ is the second order recombination rate constant, NC and NV are 
respectively the density of states (DOS) in the conduction of the PbS QDs and the valence band of P3HT, and G is the exciton 
generation rate. According to this equation which relates VOC to the light intensity; the slope (S) of a plot of VOC versus the 
logarithm of light intensity should equal to kT/q. However, for devices with 60, 75 and 90% loading by PbS QDs, the 
experimental data showed a steeper dependence of VOC on the light intensity with S=3.4, 3.3, and 4 times kT/q, respectively. 
This suggests that recombination at open-circuit condition is dominated by carrier trapping and recombination through traps 
rather than by non-geminate Langevin recombination. It has been reported that the slope S increases with the strength of the 
trap-assisted (Shockley-Read-Hall) recombination over Langevin recombination.17,20,54,55 Nalwa et al.17 showed that in the 
P3HT:PCBM system the recombination mechanism depends strongly on the processing conditions. For fast-grown devices, in 
contrast to the slow-grown devices, the trap-assisted recombination dominates over non-geminate Langevin recombination.17 
Mandoc et al.54 showed that deliberately introduction of 7,7,8,8-tetracyanoquinodimethane (TCNQ) electron traps in blends of 
MDMO-PPV:PCBM strongly modifies the open circuit voltage and its dependence on light intensity (e.g. the slope S changes 
from 1.05 (kT/q) to 3.04 (kT/q), respectively). Recently, it has been reported also that trap-assisted recombination is 
responsible for the loss of photogenerated charge carriers in P3HT:CdSe hybrid solar cells.20 Note that Giansante et al.56 
showed that through tailoring the surface chemistry of the QDs in order to control non-covalent and electronic interactions 
between organic and inorganic components, relatively low trap densities in P3HT:PbS solar cells can be obtained (e.g. show 
by the slope S equal to kT/q). 
IV. CONCLUSIONS  
We have investigated solar cells where the active layer consists of blends of P3HT, acting as electron donor and PbS 
QDs, acting as electron acceptor material. By fabricating single carrier devices, the hole and electron mobilities within the 
blends were estimated. While the electron mobility in the P3HT:PbS-BDT 60% was found to be very low (4.75×10-6 cm2V-1s-
1), its significantly increases up to almost three orders of magnitudes upon increasing the PbS loading to 90%. The increase 
can be explained by a change in the volume fraction of the PbS QDs which allows one to get beyond the percolation limit. On 
the other hand, the hole mobility only slightly decreases upon increasing the PbS loading from 60% to 75 and 90% which is 
due to a decrease of volume fraction of PbS. A similar decrease was also found for blends of organic hole transport materials 
and inert polymers48 and for time of flight studies of blended films of P3HT and PbS QDs deposited by drop casting.30 
Furthermore, the light intensity dependence of the current-voltage characteristics provided insight into the underlying 
loss mechanisms. The FF was significantly reduced at high light intensity (519 mW/cm2), which indicates that at this intensity 
the non-geminate recombination dominates. We also showed that the photocurrent is limited due to the shunt resistance 
(which in a mechanistic approach is translated in electron hole recombination) rather than by space-charge effects. The light 
intensity dependence of the open-circuit voltage measurements suggests that recombination at open-circuit condition is 
dominated by trap-assisted recombination rather than by non-geminate recombination. 
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1. Two-point and four-point probe configuration  
 
FIG. S1.Scheme of the (a) two-point probe and (b) four-point probe configuration for determination of the J-V characteristics of hole-
only devices. The J-V characteristics of electron-only devices were always measured by four-point probe configuration. 
2. Evaluation of the bulk carrier densities in hybrid solar cells under operation, at SCLC conditions in an 
electron only and hole only device and during TOF experiments  
 
FIG.S2. J-V characteristics of 90 % P3HT:PbS-BDT solar cell device measured in the dark (_____) and  upon illumination (_____, 
100 mW/cm2 AM1.5G). 
We first determine the charge carrier density in a hybrid solar cell under operating condition. As an example we choose a 
P3HT:PbS-BDT 90% solar cell (thickness 100 nm) of which the J-V characteristics are shown in Fig. S2. At a high 
internal electric field where, we can assume that the current density is drift-dominated (diffusion current can be 
neglected) the total charge Q (in C) present in the active layer is given by  
    Q V J V A          (eq. S1) 
Where J  is the current density (in A/cm²), A the area of the sample (in cm²) and   the transit time of the charge carriers 
(in s). The transit time is given by 
E
L
             (eq. S2) 
Where μ is the charge mobility (in cm²/Vs) and  E is the internal electrical field across the sample (in V/cm) and  L is the 
sample thickness (in cm) and amounts to 10-5 cm. E is given by 
L
VV
E fb

         (eq. S3) 
where V  is the voltage over the solar cell (in V) and Vfb is the flat band potential (in V) which corresponds to the voltage 
where the photocurrent density (Jph = JL - JD) is zero 1. Vfb is estimated 0.65 V from Fig. S2. JL and JD are respectively 
the current densities under illumination and in the dark. The charge density  (in C/cm3) is given by  
   
LA
VQV 
         (eq. S4) 
Combining eq. S1 to S4 the charge density is given by  
    VV LVJV fb            (eq. S5) 
This yields for the charge carrier density (in cm-3) 
    VVe LVJVn fb            (eq. S6) 
Where e is the elementary charge (1.602x10-19 C). 
Using eq. S6 and at operating conditions (e.g. J = 8 mA/cm2, V = 0.2 volt), the carrier density is estimated to be around 
6.5x1015  cm-3 for holes and 4.0x1014 cm-3 for electrons respectively. (for a hole and electron mobility of respectively 
1.7x10-4 and 2.810-3 cm2/Vs).  
For the electron and hole only devices the charge carrier density under SCLC conditions can be estimated in a similar 
way using equation S7. 
    VVe
LVJVn
bi 
           (eq. S7) 
Where Vbi is the built in bias voltage between the electrodes (in V) and V is the applied voltage (in V). Here we find, 
using eq. S7 with Vbi  =0 V based on the data in figure 4 for hole only and electron only devices with an active layer of 
P3HT:PbS-BDT 90% at an applied voltage of 0.5 V respectively 3.3x1016 and 1.6x1016 charges cm-3. 
For the time of flight experiments on neat P3HT (thickness 13.6 m) with identical properties we find at an applied field 
of  2.9x104 V/cm  an  injected charge of Q of 1.7x10-8 C (fig S10 of the SI of ref 2). As the diameter of the illuminated 
area equals 0.6 cm in those experiments 2 the illuminated area is 0.28 cm which yields a charge density of  4.4x10-5 Ccm-
3 and a density of mobile charges of 2.8x1014 cm-3 can be estimated. 
  
3. Morphology of P3HT:PbS blend films 
 
FIG. S3. (a)-(c) TEM images of P3HT:PbS-OLA blend films with different PbS loading (respectively 60%, 75% and 90%) ; (d)-(f) 
TEM images of P3HT:PbS-BDT blend films with different PbS loading (respectively 60%, 75% and 90%) (scale bar is 1000 nm). 
  
 4. Effective dielectric constant 
TABLE S1. Effective dielectric constant of P3HT:PbS blended films  and neat films of PbS QDs obtained by experiment and by 
calculations based on the Maxwel-Garnett effective medium theory. 
 experiment calculation 
εeff(0) εm(0) δ εeff(0) 
P3HT:PbS-OLA 60% 2.55±0.33 3.03 0.089 3.7 
P3HT:PbS-OLA 75% 3.62±0.66 2.85 0.111 3.74 
P3HT:PbS-OLA 90% 3.5±0.75 2.6 0.133 3.74 
neat PbS-OLA 3.85±0.58 2.5 0.147 3.73 
P3HT:PbS-BDT 60% 5.94±0.33 3.61 0.133 5.16 
P3HT:PbS-BDT 75% 8.82±0.44 3.7 0.188 6.1 
P3HT:PbS-BDT 90% 8.93±0.8 3.85 0.26 7.57 
neat PbS-BDT 9±0.74 4 0.32 9.15 
 
5. Model for J-V plots taking into account trap-filling model and injection over a non-zero Schottky barrier 3,4 
This model, developed by Jain et al.3, describes the electron and hole transport of single carrier devices (hole- or 
electron-only devices) in the presence of traps by a combination of the one dimensional Poisson equation the equation 
describing the drift of the carriers in an applied field. In this model carrier diffusion is neglected.  
 
0
d ( ) ( ) ( )
d t
F x q p x p x
x      (eq. S8) 
( ) ( )J q p x F x   (eq. S9) 
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L
V F x x     (eq. S10) 
Where q is the elementary charge, μ the charge carrier mobility, ε and ε0 are dielectric constant of the material and 
permittivity of the free space, respectively, p(x) and pt(x) are respectively the free and trapped charge carrier density, F(x) 
is the applied field and V is the applied voltage difference over the sample. The model takes into account the contribution 
of trapped carriers in the Poisson equation through the trapped charge carrier density pt(x). Assuming an exponential 
distribution of traps, the trapped charge carrier density is related to the density of free carriers by: 
1 /
( )( )
l
t b
v
p xp x H
N
        (eq. S11) 
Where Hb is the total trap density, Nv the effective density of states in the conduction or valence band and l=Tc/T, where 
Tc is the characteristic temperature of the trap distribution. 
The integral of eq. S8 with p(x) and pt(x) expressed in function of J (through equation S9 and S11) can without any 
approximation be written as 3,4. 
( )
0
1 /
0 ( 0 )
1d
F LL
l
F
b
v
x d F
q J JH
q F q F N

 

    
    (eq. S12) 
For the case of a non-zero Schottky barrier the injected charge carrier density at the contact is no longer infinitely large 
but equals a finite number p0, and hence the boundary condition at x=0 is given by F=F(0), which can be calculated for a 
given J, µ and p0 using eq. S9. For a given J, and known thickness L, eq. (S12) was solved numerically to obtain the 
electric field F(L).3,4 Next, the electric field F(x) can be determined as a function of  x. As F(x) is now known, the 
voltage V  is determined by numerical integration of Eq. (S10). The procedure is repeated for several values of J to 
obtain the complete J-V characteristic. Some of the J-V characteristics of hole only devices shown in Fig. 2(b) compared 
with the above simulated results is shown in Fig. S4. The fixed parameters used in the calculation are: ε=3.4, T=300 K, 
Nv=1×1019 cm-3, while the fitting variables are shown in table S2. 
 
FIG. S4. J-V characteristics of hole only devices with the architecture: ITO/PEDOT:PSS/P3HT/Au measured with a four-point probe 
configuration (hole injection through the ITO side). The solid line is the J-V-curve simulated by the non-zero Schottky barrier model 
using eqs. S2 to S6. The values of the fit parameters are shown in Table S2.  
 
 
TABLE S2. Fit parameters of the J-V-curves of hole only devices with architecture ITO/PEDOT:PSS/P3HT/Au and different 
thicknesses to the non-zero Schottky barrier model.3  
L 
(nm) 
Tc 
(K) 
μ (cm2/Vs) Hb 
(cm-3 ) 
p0 
(cm-3) 
85 1500 6×10-4 3×1016 3×1016 
125 2500 6×10-4 6.5×1015 3.8×1016 
225 2500 8×10-4 2×1015 3.5×1016 
360 1500 8×10-4 1×1012 3×1015 
 
6. Calculation of the Charge mobilities 
 
FIG S5. The double-logarithmic current-voltage plot of the hole current in a hole-only device with P3HT:PbS-BDT 90% as active 
layer is shown with arrows indicating the direction of voltage sweep from respectively -2 to 0 (_____) and from 0 to +2 V (_____). 
The data acquired were obtained for a sweep from negative voltages to zero volts then to positive voltages. The sign of the voltage 
corresponds to that of the ITO/PEDOT:PSS electrode. The dotted line is shown to show the fitting of the current-voltage plot obtained 
for positive values of to the applied voltage to the Mott-Gurney equation. The inset shows the same data in linear scale. 
TABLE S3. Summary of hole and electron mobilities obtained for pristine P3HT, PbS-BDT and P3HT:PbS-BDT blended films. The 
values were obtained from the J-V plots shown in Fig. 4 and the Mott-Gurney equation and represent an average mobility over the 
voltage range measured. 
samples εeff(0) hole mobility  
(cm2/Vs) 
electron mobility  
(cm2/Vs) 
P3HT 3.4 (2.4±1.9)×10-3 - 
+PbS-BDT 60% 5.9 (1.5±0.75)×10-3 (4.75±2.5)×10-6 
+PbS-BDT 75% 8.8 (4±2.9)×10-4 (2.5±1.46)×10-4 
+PbS-BDT 90% 8.9 (1.7±1.3)×10-4 (2.8±0.83)×10-3 
PbS-BDT 9 (1±0.75)×10-5 (1.3±0.19)×10-3 
 
7. Weight and volume fraction 
A detailed discussion on the way how the wt and volume % of P3HT and PbS in the different samples is obtained from 
the loading is given in the SI of Ref. 5. 
TABLE S4. Weight and volume % of PbS QDs and P3HT in P3HT:PbS blends.  
Loading in wt%  
( assuming no ligands are present) 
vol% of PbS 
(for PbS-BDT QDs) 
vol% of P3HT 
(for PbS-BDT QDs) 
60 13 59 
75 19 42 
90 26 19 
 
8. Concentration dependence of the mobility 
A major reason for the abrupt rise of the electron mobility in P3HT PbS:BDT blends at the percolation limit compared to 
the gradual increase of hole mobility observed for polystyrene doped by tritolyl amine (TTA) is due to the much larger 
volume of a PbS QD (7.23x10-27 m3) versus that of a TTA molecule (5.08x10-28 m3). This leads e.g. at a loading of 17 
volume % of TTA or PbS QDs (the rest of the volume is occupied by polystyrene or P3HT and the ligands5 ) to 
3.35x1026 TTA molecules m-3 compared to 2.61x1025 PbS QDs m-3. As a consequence at the percolation limit the edge to 
edge distance between two neighboring PbS QDs (including the extra sulfur layer)6 amounts to 1.73 nm while it amounts 
to 0.80 nm for two TTA molecules (assuming for both a regular distribution in the matrix). Furthermore we see in figure 
S6 (a) that upon decreasing the volume fraction of PbS QDs or TTA molecules the edge to edge distance increases much 
faster for the PbS QDs.  
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FIG S6. The double-logarithmic plot of (a) the edge to edge distance versus the volume fraction of TTA molecules or PbS QDs; (b) 
the mobility changes (estimated by eq. S13 and normalized to the mobility expected for neat TTA or neat PbS:BDT QDs versus the 
volume fraction of TTA molecules or PbS QDs. 
We also estimated the dependence of the mobility, µ, on the volume fraction of TTA molecules or PbS QDs (Figure S6 
(b)) using following expression of Young7 
RRµ 2exp2            (eq.S13) 
Where R is the edge to edge distance in Å and α equals 0.56 Å-1 according to Young.7 
 Based on eq. S13 the mobility for equidistant transport sites is 2x106 times smaller for PbS QDs than for TTA molecules 
at the percolation limit. These estimates of the dependence of the mobility on the volume fraction are of course quite 
rough as 1) especially at low concentration the mobility will be enhanced by the spatial disorder () for both 
the PbS:BDT QDs and the TTA molecules and 2) we use the value of  Young determined for TTA 
molecules in polystyrene for PbS:BDT QDs in P3HT. 
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